Objective: To examine if hypoxia inducible factor-1a (HIF-1a) can induce the upregulation of the purinergic receptor P2Y2 (P2Y2) and thereby promote the viability of human hepatocellular carcinoma (HCC) cells under hypoxic conditions. Methods: Archival HCC tumour specimens and corresponding non-cancerous tissues were examined immunohistochemically for P2Y2 protein. A series of in vitro experiments were undertaken using HCC cell lines to determine the effect of hypoxia on HIF-1a and P2Y2 levels, the effect of HIF-1a upregulation on P2Y2 levels, and the effect of P2Y2 upregulation on cell viability under hypoxic conditions. Results: Human HCC specimens were positive for P2Y2. Hypoxia and upregulated HIF-1a both upregulated the P2Y2 levels in HCC cell lines. P2Y2 upregulation using plasmid transfection resulted in enhanced cell viability under hypoxia. Treatment of HepG2 cells with the selective P2Y2 antagonist MRS2312 downregulated P2Y2 and reduced cell viability in five HCC cell lines. P2Y2 knockdown reduced HepG2 cell viability under hypoxia. Conclusions: These present results suggest that HCC cells upregulate P2Y2 levels during hypoxia, which in turn promotes their growth. P2Y2 could be a potential therapeutic target for treating HCC.
Introduction
The P2Y receptors are G-protein-coupled receptors for extracellular nucleotides. In all, eight P2Y receptor subtypes, specifically P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14, have been identified in humans. 1 In addition, most human cells express P2Y receptors.
2 P2Y receptors are found in many animal species, indicating their evolutionary conservation. 3 Excellent reviews have summarized the roles of this family in physiology and pathophysiology; [4] [5] [6] for example, ADP-induced platelet aggregation is mediated by the P2Y2 receptor. 7 Hepatocellular carcinoma (HCC) is the fifth most common malignancy worldwide and frequently develops in patients with cirrhosis. 8, 9 Although several treatment options are available for treating HCC, [10] [11] [12] the long-term prognosis is usually poor. Surgery and living donor liver transplantation are curative treatment options for HCC. However, most patients can receive only palliative treatments, including transarterial chemoembolization (TACE). 13, 14 The overall recurrence rate of HCC in patients showing initial remission after TACE is high. 15 Therefore, the development of anticancer drugs with high efficacy is required for the treatment of HCC. 16 Hepatocellular carcinoma cells are found in conditions of hypoxia, which should result in cell death. However, HCC cells develop cellular defence mechanisms to evade cell death that are primarily regulated by transcription factors. [17] [18] [19] [20] The present study evaluated the possible role of the P2Y2 receptor in HCC cells during hypoxia and resistance to anticancer drugs such as MRS2312. HepG2, SK-Hep1, Huh7, and Hep3B) were grown in Dulbecco's Modified Eagles Medium (Hyclone Laboratories, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Corning Life Sciences, Tewksbury, MA, USA) and 100 units/ml penicillin, and 100 mg/ml streptomycin (both antibiotics from Hyclone Laboratories) and the SNU449 cell line obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea) was grown in RPMI 1640 medium (Hyclone Laboratories) with 10% FBS and antibiotics. For routine culture, the cells were incubated at 37 C in a humidified normoxic air of 21% O2 and 5% CO2. For hypoxic exposure, the cells were placed in a hypoxia chamber (MCO-18M; Sanyo, Tokyo, Japan) in an atmosphere of 94.9% N2, 5% CO2, and 0.1% O2 for up to 12 h. Membranes were washed five times with TBST (pH 7.6) for 30 min at room temperature. Protein signals were detected using an enhanced chemiluminescence (ECL) solution (SuperSignal TM West Femto; Thermo Fisher Scientific) and images were captured using an ImageQuant LAS 4000 system (GE Healthcare Biosciences, Piscataway, NJ, USA). The blots were stripped using Restore TM PLUS (Thermo Fisher Scientific) stripping buffer according to the manufacturer's instructions and were reprobed for b-actin (internal control) using the same methods. Mouse monoclonal anti-human actin antibody (1:20000 dilution; catalogue no. CP01; Calbiochem, Darmstadt, Germany) was used as the primary antibody and HRP-conjugated goat anti-mouse antibody (1:1000 dilution; catalogue no. sc-2005; Santa Cruz Biotechnology) was used as the secondary antibody. The membranes were washed again, and b-actin was detected using the ECL solution.
Materials and methods

Tissue samples from patients with HCC
MTT cell proliferation assay
Cell viability was determined by performing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays in 12-well plates (Duchefa, Haarlem, The Netherlands). In brief, the five HCC cell lines (HepG2, SK-Hep1, SNU449, Huh7 and Hep3B) were seeded at a density of 1.0 Â 10 5 cells per well and incubated for 24 h at 37
C. The cells were exposed to different concentrations of MRS2312 (5, 10 and 20 mM) for 24 h, 48 h, 72 h and 96 h. Normal hepatic cells (HepaRG TM ) with P2Y2 overexpression were placed under hypoxic conditions for up to 96 h for the MTT assay. After incubation, 20 ml of MTT solution (5 mg/ml) was added to each well and the plates were incubated in the dark for 1 h. After removing the culture media, 400 ml of dimethyl sulfoxide (Duchefa) was added to each well in order to solubilize the intracellular formazan crystals. After 10 min, the optical density was assessed at 540 nm using a microplate reader (Sunrise 
Measurement of ATP
The ATP levels were measured using an ATP Bioluminescent Assay Kit (catalogue no. 213-579-1; Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer's instructions. Normal hepatocyte HepaRG TM cells were seeded at a density of 1.0 Â 10 5 cells per well and incubated for 24 h at 37 C. For normoxic conditions, cells were cultured in normoxic air containing 21% O 2 and 5% CO 2 . For hypoxic conditions, cells were placed in a hypoxia chamber (MCO-18M; Sanyo, Tokyo, Japan) in an atmosphere of 94.9% N2, 5% CO 2 , and 0.1% O 2 for up to 12 h. The ATP was extracted from the cells by the addition of 50 ml of cell extraction reagent to each well. After mixing thoroughly, the microplates were allowed to stand for 20-30 min at room temperature before 50 ml medium from each well was transferred to a white plate from the kit. Then, 50 ml luciferinluciferase counting reagent was added. Luminescence was measured using a Synergy H1 multi-mode reader (BioTek, Winooski, VT, USA) and normalized to the protein concentration that was measured using the BCA protein assay kit. All experiments were performed in triplicate.
Plasmid overexpression of HIF-1 and P2Y2
HepaRG TM and HepG2 cells were seeded into 6-well plates at a density of 2.0 Â 10 5 cells and were incubated for 24 h at 37
C. The cells were transfected with HIF-1-pcDNA3.1-expressing plasmid using Lipofectamine Õ 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. HIF-1a and P2Y2 overexpression was confirmed by Western blot analysis. The negative control plasmid pcDNA3.1(þ), and the HIF-1-pcDNA3.1 and P2Y2-pc-DNA3.1 expressing plasmids were purchased from Addgene (Cambridge, MA, USA).
RNA interference
Small interfering RNAs (siRNA) specific to either P2Y2 (P2Y2 siRNA) or control sequences (cont siRNA) were prepared by Bioneer Corporation. The sequences were as follows: P2Y2 siRNA, sense: 
Liver histology
Liver sections were deparaffinized with xylene and were serially rehydrated in 100%, 95%, 90% and 80% ethanol. Antigen retrieval was performed by heating the tissue sections in a 10 mM sodium citrate buffer (pH 6.0; Sigma-Aldrich) at 95 C for 20 min on a hot plate stirrer and the sections were then cooled to room temperature. Slides were incubated overnight at 4 C with a polyclonal antibody against P2Y2 (1:500 dilution; Santa Cruz Biotechnology). After incubation, the slides were washed three times for 5 min with phosphate-buffered saline containing 0.05% Tween 80 (PBST; pH 7.4) and were incubated with a biotinylated anti-mouse IgG rabbit antibody that was diluted in a diluent buffer included in the VECTASTAIN Õ ABC kit (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. After being washed three times for 5 min with PBST (pH 7.4), the slides were incubated for 30 min with VECTASTAIN Õ ABC Reagent at room temperature and washed three times with PBST (pH 7.4) for 5 min. The specimens were covered with 3,3'-diaminobenzidine solution (Liquid DABþ substrate chromogen system; Dako, Glostrup, Denmark) for 1 min at room temperature and then rinsed gently with distilled water. The sections were counterstained with haematoxylin and eosin to confirm their structural integrity. Results were interpreted by two pathologists who were blinded to the specific diagnosis and prognosis for each patient. The degree of P2Y2 immunoreactivity on the tumour tissues and corresponding non-cancerous tissues was assessed semiquantitatively. The intensity of staining of tissue sections was scored using a low-power magnification (Â40) light microscope (Axioskop 2 plus with AxioCam; Carl Zeiss, Thornwood, NY, USA) and the following four-grade system: 0, no staining; 1, weak staining appearing as light yellow; 2, moderate staining appearing as yellowish-brown; 3, strong staining appearing as brown. The proportion of positively stained cells (i.e. at least grade 1, weak staining appearing as light yellow) was scored at a high-power magnification (Â400) using an Axioskop 2 plus with AxioCam light microscope and the following four grades: 0, none; 1, <10%; 2, 10-50%; 3, >50%). 24 The final immunoreactivity score for each section was obtained by multiplying the 'score for staining intensity' and the 'score for positive cell proportion'. A scale from '-' to 'þþþ' was used for categorize the results of the scoring system, where '-' represents absolutely no immunoreactivity (score 0; negative), 'þ' represents weak immunoreactive cells (score 1-3), 'þþ' represents moderate immunoreactive cells (score 4-6), and 'þþþ' represents strong immunoreactive cells (score 7-9). Only sections showing at least grade 'þþ' immunoreactivity were considered positive.
Statistical analyses
All statistical analyses were performed using GraphPad Prism 5.0 software for Windows XP (GraphPad Software, La Jolla, CA, USA). All data are expressed as mean AE SD of 3-8 samples per experimental condition. Each Western blotting experiment was repeated three times. For comparisons of two groups, Student's t-test was used. For comparisons of three or more groups, oneway analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test was used. A P-value < 0.05 was considered statistically significant.
Results
To assess the clinical relevance of the P2Y2 receptor, the levels were measured immunohistochemically in pathologicallyconfirmed HCC tissue specimens and corresponding non-cancerous tissue specimens. Forty-three out of 68 patients (63.2%) with HCC showed moderate ('þþ') to strong ('þþþ') immunoreactivity for the P2Y2 receptor in the HCC tissue specimens (Table 1 ). In contrast, negative ('-') or weak ('þ') immunoreactivity for the P2Y2 receptor was observed in the corresponding non-cancerous tissue specimens. P2Y2 immunoreactivity levels did not appear to be correlated with tumour grade. A Western blot analysis of tissue samples from five patients demonstrated upregulation of P2Y2 protein levels in the HCC tissue specimens ( Figure 1A ) and upregulation of P2Y2 mRNA as measured by RT-PCR ( Figure 1B) . Representative photomicrographs of the immunohistochemical staining patterns of P2Y2 in HCC specimens and corresponding non-cancerous tissue specimens are shown in Figure 1C .
To determine whether hypoxia upregulated P2Y2 levels, normal HepaRG TM and cancerous HepG2 cells were exposed to hypoxia for up to 12 h. Western blot analyses demonstrated that both P2Y2 and HIF-1a levels increased in both cell lines in a time-dependent manner ( Figure 2A , left hand image). To investigate whether the increases in P2Y2 were dependent upon the upregulation of HIF-1a, HepaRG TM and HepG2 cells were transiently transfected with the negative control plasmid pcDNA3.1(þ) or the HIF-1-pcDNA3.1-expressing plasmid and incubated for 12 h under normoxic culture conditions. P2Y2 levels were upregulated when HIF-1a levels were also upregulated in both cell lines (Figure 2A, right hand image) .
To investigate the role of overexpressed P2Y2 under hypoxic conditions, HepaRG TM cells were transiently transfected with the negative control pcDNA3.1(þ) plasmid or the P2Y2-pcDNA3.1-expressing plasmid. Western blot analysis confirmed the upregulation of P2Y2 levels in HepaRG TM cells transfected with the P2Y2-pcDNA3.1-expressing plasmid ( Figure 2B ). Using the same transfected cells, the effect of the upregulation of P2Y2 levels on cell viability under hypoxic conditions was examined using the MTT assay. Upregulation of P2Y2 levels in transfected HepaRG TM cells significantly increased cell viability on days 3 and 4 of hypoxic conditions compared with HepaRG TM cells transfected with the negative control pcDNA3.1(þ) plasmid (P < 0.05 for both comparisons) ( Figure 2C ). For the measurement of ATP content, HepaRG TM cells were exposed to normoxic and hypoxic conditions for up to 12 h. The data showed that the cellular ATP content was significantly decreased after 6 and 12 h of hypoxic conditions compared with normoxic conditions (P < 0.05 for both comparisons) ( Figure 2D ). RT-PCR confirmed the upregulation of P2Y2 levels in HepG2 cells under hypoxic conditions compared with normoxic conditions (Figures 2E & 2F) .
Investigations were undertaken to test if the specific P2Y2 inhibitor, MRS2312, works in a concentration-dependent manner in HepG2 cells to reduce cell viability. A Western blot analysis showed that P2Y2 levels in HepG2 cells were decreased following incubation with MRS2312 (5, 10 and 20 mM) for 4 days under normoxic conditions in a concentration-dependent manner ( Figure 3A) . As P2Y2 levels were upregulated in HCC cells under hypoxic conditions and in order to examine the effect of P2Y2 inhibition on cell proliferation, cell viability was measured using the MTT assay in five cell lines (HepG2, SK-Hep1, SNU449, Huh7 and Hep3B) exposed to different concentrations of MRS2312 (5, 10 and 20 mM) for up to 4 days under normoxic conditions ( Figures 3B-3F) . The MRS2312-induced inhibition of P2Y2 reduced the viability of HCC cell lines in a concentration-dependent manner (P < 0.05 for individual comparisons as shown on Figures 3B-3F ).
Investigations were undertaken to test whether specific siRNA targeted to knockdown P2Y2 could increase HepG2 cell death under hypoxic conditions using the MTT assay. Western blot analysis demonstrated that the levels of P2Y2 protein were reduced in HepG2 cells transiently treated with P2Y2 siRNA compared with HepG2 cells treated with cont siRNA ( Figure 4A ). The results of the MTT assay demonstrated that culture in hypoxic conditions for up to 4 days was more toxic to HepG2 cells transiently treated with P2Y2 siRNA compared with HepG2 cells treated with cont siRNA ( Figure 4B ). The differences in cell viability between the two groups were significant on days 3 and 4 of hypoxia (P < 0.05 for both comparisons).
Discussion
This present study demonstrated the immunohistochemical localization of P2Y2 protein in human HCC specimens and the levels of P2Y2 were consistently higher in these specimens compared with corresponding non-cancerous tissue specimens. When the HepG2 cell line was exposed to hypoxic culture conditions, the levels of P2Y2 protein and mRNA increased. The selective pharmacological inhibition of P2Y2 using MRS2312 reduced cell viability in a concentration-dependent manner in five HCC cell lines. These findings suggest the cancerpromoting properties of P2Y2. 25, 26 Recent studies suggest that P2Y2 performs important roles during cell proliferation and differentiation. [27] [28] [29] However, the mechanism underlying the P2Y2-induced proliferation of HCC cells is not completely understood. Adenosine activates P2Y2 in human retinal endothelial cells, which may lead to neovascularization because of an increase in the expression of angiogenic growth factors. 25, 26, [30] [31] [32] [33] Hypoxia produces toxic conditions of oxidative stress from the mitochondrial electron transport chain complex III and promotes hypoxia-induced cell death. The rapidly growing HCC cells are usually exposed to hypoxic conditions especially in the central region of the tumour. Growth under hypoxic conditions eventually leads to HCC cell death. However, hypoxia stabilizes HIF-1a and prohibits hypoxic cell death by increasing the levels of anti-apoptotic molecules, including Bcl-2, Bax and IAP-2. 35 Moreover, HIF-1a enhances the blood supply to the tumour by regulating the transcription of several genes involved in angiogenesis. 36, 37 As a result, HCC cells are able to escape cell death and continue to proliferate even under hypoxic conditions. 36, 37 Indeed, it has been suggested that hypoxia enhances cell proliferation, suppresses apoptotic cell death, and consequently leads to enhanced tumour malignancy in HCC. 38, 39 Usually under hypoxic conditions, ATP is generated in exchange for ADP by the adenosine nucleotide translocases. 40 ATP is utilized by a variety of proteins such as P2Y2, adenosine receptors, and NA-K-ATPase, which regenerates ADP pools. 41, 42 In this present study, P2Y2 was transcriptionally upregulated by HIF-1a and appeared to play an important role in converting cellular ATP into ADP for the homeostatic adaption to the hypoxic culture conditions. These current results demonstrated that HIF-1a upregulates P2Y2, and thereby attenuates cell death under hypoxic conditions. In contrast, treatment of HCC cell lines with the selective P2Y2 antagonist MRS2312 resulted in reduced cell viability as measured by the MTT assay. These findings suggest that the inhibition of P2Y2 might be a novel target for the development of an anticancer treatment for HCC.
Hepatocellular carcinoma is highly resistant to various therapeutic modalities, including combination therapy with TACE, anticancer drugs, and antiangiogenic agents. [43] [44] [45] [46] Therefore, development of more effective treatment modalities and new anticancer drugs is urgently required. 25 These present results suggest that downregulation of P2Y2 levels or inhibition of its enzymatic activity increased the sensitivity of HCC cells to MRS2312 because of an increase in oxidative stress. Therefore, therapeutic agents targeting P2Y2 levels or its enzymatic activity may be effective for treating HCC. [47] [48] [49] Furthermore, these The effect of the selective knockdown of P2Y2 using P2Y2 siRNA on cell viability of HepG2 cells cultured under hypoxic conditions for up to 4 days as determined using the MTT assay. Data are presented as mean AE SD; P < 0.05, Student's t-test. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; n.s., no significant between-group difference (P ! 0.05).
current results showed that knockdown of P2Y2 using siRNA decreased the viability of HepG2 cells when cultured under hypoxic conditions. Immunohistochemical analysis showed that P2Y2 was overexpressed in 43 out of 68 patients (63.2%) with HCC, suggesting that P2Y2 plays an important role in the tumorigenesis of HCC and its resistance to anticancer therapies. More convincing evidence of the role of P2Y2 in tumour malignancy should be obtained by performing large studies involving more patients with HCC and other cancers.
In conclusion, this present study showed that P2Y2 was upregulated in HCC cells under hypoxic conditions. These current results showed that enhanced P2Y2 levels play an important role in the proliferation of HCC cells, suggesting that the development of an effective P2Y2 inhibitor would be beneficial for treating HCC. 
